We study the effects of the coupling of neutrinos with a new light neutral gauge boson, Z , with a mass of less than 40 MeV. Scenarios in which a light gauge boson is coupled to neutrinos are motivated within numerous contexts which are designed to explain various anomalies in particle physics and cosmology. This interaction can lead to a new decay mode for charged mesons to a light lepton plus neutrino and Z , (M → lνZ ), and decay of Z to the pair of neutrino and antineutrino, (Z → νν), subsequently. FASERν experiment which is a proposed emulsion detector designed to detect collider neutrinos for the first time. The FASERν emulsion detector will provide the possibility to detect ν τ and to measure their energies. Using this ability of FASERν emulsion detector, we study the potential of the proposed FASERν experiment and the upgrade version of this experiment FASER2ν, to constrain the coupling of neutrino with the light gauge boson.
I. INTRODUCTION
Although neutrinos are produced at particle colliders, no collider neutrino has ever been detected. Proton-proton collisions can produce a large number of hadrons. The decay of those hadrons then leads to a large flux of high-energy neutrinos, highly parallel around the beam collision axis. The proposed FASERν is a subdetector which will be able to detect the collider neutrinos for the first time [1] . FASERν will be located in front of FASER spectrometer at CERN [2] . FASER will collect data from 2021 to 2023. The mean energy of the neutrinos is from 600 GeV to 1 TeV, with a significant number of neutrino events up to 3 TeV. FASERν will detect the most energetic neutrinos from the known source, although, the most energetic neutrinos ever detected by the Ice Cube neutrino observatory from unknown astronomical sources with energies up to few PeV [1] . The other advantage of FASERν is its emulsion detector that has the greatest precision to detect tau-neutrinos. Moreover, at this range of energy, tau-neutrinos have a significant cross-section, approximately equal to electron and muon neutrinos. The threshold of tau-neutrino is 3.5 GeV. Thus, FASERν will be a good apparatus to study the new neutrinophilic interaction with tau-neutrino detection. FASER2 will be an upgraded version of the FASER experiment, with several thousand times larger data collection due to higher luminosity and tunnel spectrometer dimensions. Being able to observe these interactions and reconstruct their energies, FASERν will probe the production, propagation, and interactions of neutrinos at very high energies (TeV).
In this paper, we study the scenario in which neutrino couples to a light gauge boson Z with mass of less than 40 MeV. It is intriguing to assess the possibility of neutrinophilic interaction that a new gauge boson couple to neutrinos without coupling to charged leptons. One possible underlying model that can lead to this interaction is proposed in reference [3, 4] by introducing a new fermion of mass order of GeV that is charged under an extra U(1) gauge symmetry. This new fermion is mixed with neutrino and the active neutrinos will obtain interactions of this form.
Considering this interaction, a new mode of meson decay, M → lνZ , subsequently Z decays to neutrino anti-neutrino pair. Charged meson decays and short-baseline acceleratorbased neutrino experiment are sensitive probes of this neutrinophilic interaction of light new particles. NA62 [5] , a kaon decay in-flight experiment, has the current strongest bound on the coupling, for m Z in range of 1 MeV to 40 MeV [6] . Furthermore, the near detector of DUNE [7] , will constrain the scenario more stringent, due to a large number of statistics and tau neutrino detection with low background [8] .
The purpose of this paper is to study the potential of FASERν and FASER2ν which is a similar future upgraded experiment with higher statistics to constrain neutrinophilic secret gauge interaction with detection of tau and electron neutrinos.
In Sec. II, we present a short review of the new Lagrangian and the decay rates. In Sec. III, the details of the FASERν experiment and our simulation are discussed. In Sec. IV, we present our results. Sec. V is dedicated to the summary and discussion.
II. LEPTOPHILIC GAUGE INTERACTION, MESON DECAY, AND NEUTRINO
The interaction of the neutrino of flavour α with the new vector boson Z is given by
where g αβ is the new coupling of neutrino flavour α and β couple with the Z boson. The underlying model leading to such an interaction can come from various models. Gauging anomaly free combination of lepton flavours and baryon number can lead to this interaction. Moreover, as it is discussed in ref. [3] , another possibility is introducing a new Dirac fermion which is charged under the new U(1) gauge symmetry and mixes with the active neutrinos. The new interaction leads to a new decay mode of meson decay to electron, neutrino and Z , with the decay rate of [6] =
the total decay rate is
Subsequently, Z will decay to neutrino anti-neutrino pair with the following decay rate [8] 
The number of neutrinos coming from Z particles decaying before reaching the detector is given by N = N 0 1 − e −ΓLγ (8) where N 0 is the number of produced Z , L is the distance between the production point of Z and the detector and γ = E Z /m Z is the boost factor. As it can be seen from equation 8, if ΓLγ 1 almost all of the Z particles decay before reaching the detector. In the rest frame of the meson, the total spectrum of the neutrino produced from both meson and Z decay is given by
where N 0 is the total number of the neutrinos produced from meson decay. Γ(π −→ eνZ ) and dΓ(π−→eνZ ) dEν is determined from Eq. 2. The spectrum of neutrinos produced from Z decay is determined with integration over the Z spectrum in rest frame of pion multiplied by neutrino spectrum for a specific energy of Z as follows
The neutrino energy at the rest frame of Z is given by m Z /2, and neutrino spectrum for a specific energy of Z is calculated with boost of Z . The neutrino spectrum in the lab frame is given by
where P M (E M ) is the rate of the meson injection in the lab frame and ( dNν dEν ) lab is the spectrum of the neutrino in the lab frame. For details of the calculation see Ref. [6, 8] .
III. DETAILS OF FASERν EXPERIMENT AND OUR ANALYSIS
Neutrinos produced at a particle collider has never been detected. Colliders produce both neutrinos and anti-neutrinos of all flavours at very high energies where neutrino interactions are not well studied. Collider neutrinos have not yet been detected since neutrinos interact very weakly; Thus, in the energies of neutrinos produced at colliders and the typical sizes and coverage of collider detectors, neutrinos are difficult to detect. Another reason is that collider neutrinos have very high energy. The neutrinos which are produced with the largest interaction cross sections are created along the beamline. Collider detectors are not able to detect particles which are along the beamline and may miss the flux of high-energy neutrinos in this region.
FASER experiment is able to cover this blind region. The main goal of FASER experiment is to search for long-lived particles. FASER detector will be located 480 m downstream of the ATLAS interaction point along the beam collision axis.
FASER experiment is a spectrometer tunnel with a length of 1.5 m and radius of 10 cm, 480 m downstream to the ATLAS interaction point. This apparatus will be sensitive to new physics measurement such as dark photons and axion-like particles [2] . FASERν is a proposal to detect collider neutrinos for the first time using an emulsion detector in front of FASER spectrometer [1] . FASERν consists of 1.2 tons tungsten plates and 1000 layers of emulsion films. The neutrino beam consists of both neutrino and anti-neutrino, and they will be detected with charged-current deep inelastic scattering from nuclei. The flavour of neutrinos is determined with the charged lepton detection. Assuming standard model cross-section, the total number of 20000, 1300, and 20, respectively for muon, electron, and tau neutrinos will be detected. The neutrino energy is in the range of a few 10 GeV to a few TeV with the peak of neutrino interaction between 600 GeV to 1 TeV. In this energy range, ν τ cross-section is large and approximately equal to electron and muon and electron neutrino cross-sections. The cross-section of deep inelastic scattering is approximately proportional to the neutrino energy. In Ref. [1] the cross-section is calculated by considering NNPDF3.1NNLO parton distribution function [9] .
As it is well known, the identification of tau leptons is extremely difficult. Directly detecting tau neutrino requires that the neutrino beam has enough energy to produce a tau particle. Moreover, tau leptons are very short-lived and decay to muons, which can be detected as a kink in the detector. With a spatial resolution of a few ten nm, emulsion detectors are the best detectors to detect short-lived particles. The emulsion detector is the most sensitive detector for tau-neutrino detection, with detection of produced tau in neutrino nuclei interaction. FASERν energy resolution is 30% and the neutrino energy is determined from leptonic and hadronic energies. The backgrounds of electron neutrino CC interaction detection is the shower of the neutral pion to photon pair, and pion decay to photon and electron-positron pair. The other source of background is muon neutrino CC interaction. Backgrounds of tau-neutrino CC interaction are neutral current interaction and CC interaction of electron and muon neutrino when they are associated with charm production at the interaction vertex. There are also accidental backgrounds. These backgrounds at FASERν will be much smaller than other emulsion detectors like OPERA, due to larger neutrino energy and also a combination of FASERν with FASER spectrometer main detector. Moreover, by combining FASER and FASERν, we can distinguish between ν µ and ν µ . due to the long lifetime of a muon, the produced muon at FASERν will pass through FASER spectrometer.
FASER2 is a proposed experiment similar to FASER, with an order of ten times larger luminosity. The size of the detector will be 100 times larger than FASER. It is also proposed to locate a larger emulsion neutrino detector in front of the FASER2 tunnel, with the mass from 10 to 1000 tons. The details of both FASER2 and the possible future neutrino detector is under discussion [2] . In our analysis, we have considered the maximum possible future statistics for the detection of neutrinos at FASER2 which is approximately 10000 and 100000 times larger data than FASERν. All the details of the analysis of FASER2ν are the same as FASERν, except for the statistics. We will show that with 10000 and 100000 times larger data than FASERν data, it is possible to constrain our scenario more stringent than the current bound set from NA62 experiment. Neutrinos are mainly produced from hadron decays. Several hadrons are produced at the interaction point of ATLAS. The short-lived hadrons, such as charm mesons decay promptly near the interaction point. The hadrons with longer life-time will decay down to the beam pipe. Pion and kaon 2-body leptonic decays are the dominant modes of muon neutrinos production that reach to the FASERν detector. Electron neutrino is mainly produced by kaon 3-body decay, K → πeν e . Tau-neutrinos are dominantly produced by D s → τ ν τ and subsequent τ decay. The spectrum of produced neutrino from different decay modes is presented in Ref. [1] . 2 × 10 11 electron neutrinos, 6 × 10 12 muon neutrinos, 4 × 10 9 tau neutrinos and a comparable anti-neutrinos pass through the FASERν detector.
Considering the new interaction, electron and/or tau-neutrinos will produce from three body meson decay, M → eν α Z , and subsequent Z decay to neutrino-antineutrino pair. In our calculations, we consider only pion and kaon decay. The spectrum of neutrinos produced from meson three-body decay and Z decay is calculated from Eq. 11. The main source of the background of electron and tau-neutrinos is the intrinsic background. We have demonstrated muon, electron and tau (anti-)neutrino fluxes at Fig. 1 , considering the standard model, and non-zero g ee or g eτ , the neutrino produced from three body meson decay and subsequent Z decay, assuming m Z = 10 M eV and g eα = 0.1, α = e, τ . We have assumed such a large g eα to demonstrate that the signal is comparable to the background flux. The behaviour of the plot depends on the square of g eα .
For statistical inference, we used the chi-squared method. Depending on the number of event in each bin, we used Gaussian or Poisson distribution function, for a large and small number of events, respectively. We have considered the number of events smaller than twenty events as a small number of events. Taking Asimov data set, we have considered two cases, first the standard model as the true model, and second the secret interaction of neutrino as the true model. We have used the pull-method to account the systematic uncertainties.
IV. CONSTRAINTS
The most stringent constraint on α g 2 eα comes from kaon decay rare event measurement at NA62 [5] . The potential of DUNE near detector to constrain g eα is presented in Ref. [8] . We have studied the potential of FASERν and possible emulsion neutrino detector for FASER2 experiment to constrain g eτ , assuming that FASER2ν has 10000 and 100000 times larger data collection than FASERν and assuming the standard model as the true model. The results are demonstrated in Fig. 2 . Since FASERν constrains our scenario very weakly, we have not demonstrated the result here. In addition, we have studied the potential of the same experimental setup with larger statistics. The results show that for the number of events 100000 times larger than FASERν event number, the constraint becomes stronger than the current constraints for m Z less than 20 MeV.
It is also interesting to study the case of nonzero g ee . In this case, g ee is constrained by detecting electron (anti-)neutrino while in the case of nonzero g eτ , the coupling is constrained from both electron and tau (anti-)neutrino detection. Our results show that for data a ten million times larger than FASERν data, we can constrain the g ee coupling more stringent than the current bound. Thus; such an apparatus is more sensitive to g eτ than g ee . Fig. 3 shows the discovery potential of FASER2ν with 100000 times larger data than FASERν, assuming the value of the coupling is slightly smaller than current constraints from NA62, g eτ = 0.002 and m Z = 10 MeV. As demonstrated in the figure, the upgraded FASER2ν will establish non-zero g eτ with 1σ C.L..
We have also studied the potential of FASER2ν to discriminate between the flavor structure of the coupling. In Fig. 4 -a and Fig. 4 -b, we have considered only g eτ or both g ee and g eτ are non-zero and all the other secret gauge couplings are zero. In these cases we have assumed m Z is 10 MeV, and in the first case g eτ = 0.002 and in the second case g ee = g eτ = 0.001 × √ 2. The assumed true value is demonstrated as a red dot. As it is demonstrated, in the case that only g eτ is non-zero, the zero value for g eτ will be excluded with 1σ.
In all of the above cases, we have considered the Z mass in the range of MeV to few 10 MeV. The coupling is constrained from cosmological observations in the range of keV to MeV since in this mass range, Z appears as an extra relativistic degree of freedom [10] . However, in the mass range below keV, constraints from the kaon decay experiment NA62 is relevant, and it is equal to [8] α |g eα | 2 < 2.23 × 10 −10 m Z eV .
Our analysis shows that the constraint on the coupling is given by for FASERν experiment and g ee < 1.0 × 10 −9 m Z eV and g eτ < 4.1 × 10 −10 m Z eV for FASER2ν experiment with 10000 times larger data than FASERν experiment. Moreover, our study shows that if we consider 100000 times larger data than FASERν data the constraints become g ee < 5.9 × 10 −10 m Z eV and g eτ < 2.1 × 10 −10 m Z eV .
As it can be seen from these results, by considering 100000 times larger data, the constraints on g eτ will be comparable to current the constraints. Notice that in the mass range of Z below keV, considering the above upper bounds, only prompt neutrinos from meson decay reach the detector and almost all of the Z will decay after the detector.
V. SUMMARY
Neutrino produced at particle colliders has never been detected although colliders are copious sources of neutrinos. FASERν, a proposed inexpensive subdetector of FASER, will provide an opportunity to detect the first collider neutrinos at a particle collider; In particular, FASERν will make it possible to study ν e and ν τ in details at the highest energies yet explored. In this work, we have studied the potential of FASERν and proposed upgraded version of it, FASER2ν, with higher statistics to constrain secret neutrino gauge interaction. Considering secret neutrino gauge interaction, with α,β g αβ Z µν α γ µ ν β Lagrangian, leads to new three-body charged meson decay mode, that charged lepton, neutrino and Z will be produced and subsequently Z decays to neutrino antineutrino pair. Our analysis shows FASERν cannot constrain this scenario due to small statistics. FASER2ν is a proposal of an upgraded version of FASERν, up to an order of 100000 times larger data than FASERν. We have found that FASER2ν can constrain the scenario more stringent than the current constraint from NA62 and the future constraints from the near detector of DUNE as it is demonstrated in fig. 3 . We also studied the potential of FASER2ν experiment to reconstruct the flavour structure of the coupling as it is indicated in fig. 4 . This is very important since such an apparatus will have a sensitivity to g eτ , while meson decay experiments are sensitive to α g 2 eα ; Thus, such an apparatus can reconstruct the flavour structure of the coupling. Elites Federation Grant No. 11131.
